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1. INTRODUCTION {#pros23742-sec-0005}
===============

Prostate cancer (PCa) is the second most frequently diagnosed cancer in men worldwide, and recent studies have shown that specific immune cells in the tumor microenvironment play critical roles in disease progression.[1](#pros23742-bib-0001){ref-type="ref"}, [2](#pros23742-bib-0002){ref-type="ref"} Indeed, the immune system may influence cancer development in two opposing ways. On the one hand, specific immune cells can identify and eradicate transformed cells; on the other hand, immune cells can promote cancer progression. There may thus be prognostic value in identifying tumor‐promoting immune cells in patients with PCa.[3](#pros23742-bib-0003){ref-type="ref"}

Tumor‐associated macrophages (TAMs) can have a tumor‐inhibiting M1 phenotype or a tumor‐promoting M2 phenotype, but they can also have mixed phenotypes, undergo phenotype switching upon stimulation, and develop into subpopulations that show differences in antigen expression.[3](#pros23742-bib-0003){ref-type="ref"}, [4](#pros23742-bib-0004){ref-type="ref"}, [5](#pros23742-bib-0005){ref-type="ref"}, [6](#pros23742-bib-0006){ref-type="ref"}, [7](#pros23742-bib-0007){ref-type="ref"} The presence of M2 macrophages has been associated with worse clinical outcome in several malignancies[8](#pros23742-bib-0008){ref-type="ref"}, [9](#pros23742-bib-0009){ref-type="ref"} and is thought to affect disease outcome by stimulating angiogenesis, metastasis, immune suppression and possibly by reducing the effectiveness of certain treatments.[3](#pros23742-bib-0003){ref-type="ref"}, [4](#pros23742-bib-0004){ref-type="ref"}, [10](#pros23742-bib-0010){ref-type="ref"}, [11](#pros23742-bib-0011){ref-type="ref"}, [12](#pros23742-bib-0012){ref-type="ref"} Previous studies of PCa tissue reported that high numbers of TAMs are associated with poor clinical outcome; however, contradicting results have been reported.[7](#pros23742-bib-0007){ref-type="ref"}, [13](#pros23742-bib-0013){ref-type="ref"}, [14](#pros23742-bib-0014){ref-type="ref"}, [15](#pros23742-bib-0015){ref-type="ref"}, [16](#pros23742-bib-0016){ref-type="ref"}, [17](#pros23742-bib-0017){ref-type="ref"}, [18](#pros23742-bib-0018){ref-type="ref"}, [19](#pros23742-bib-0019){ref-type="ref"} A major limitation of most of these studies is the use of CD68 to identify macrophages, since this marker cannot distinguish between M1 and M2 macrophages.[7](#pros23742-bib-0007){ref-type="ref"}, [13](#pros23742-bib-0013){ref-type="ref"}, [14](#pros23742-bib-0014){ref-type="ref"}, [15](#pros23742-bib-0015){ref-type="ref"}, [16](#pros23742-bib-0016){ref-type="ref"}, [17](#pros23742-bib-0017){ref-type="ref"} The scavenger receptor CD163 is associated with an anti‐inflammatory macrophage phenotype and is currently the most specific marker for identifying M2 macrophages.[20](#pros23742-bib-0020){ref-type="ref"} Recent studies found that high numbers of CD163‐positive M2 macrophages in prostate tumors were associated with poor outcome.[18](#pros23742-bib-0018){ref-type="ref"}, [19](#pros23742-bib-0019){ref-type="ref"}

Regulatory T cells (T~regs~) are another type of immune cell that contributes to tumor development by suppressing anti‐tumor immunity.[21](#pros23742-bib-0021){ref-type="ref"} Growing evidence supports the hypothesis that an elevated number of T~regs~ in PCa patients confers poor prognosis and decreases survival rates.[22](#pros23742-bib-0022){ref-type="ref"}, [23](#pros23742-bib-0023){ref-type="ref"}, [24](#pros23742-bib-0024){ref-type="ref"} Recently, when using the same PCa cohort we found that the number of T~regs~ was associated with a greater likelihood of death from PCa.[25](#pros23742-bib-0025){ref-type="ref"}

Studies show a correlation between increased numbers of T~regs~ and macrophages in several types of cancer[26](#pros23742-bib-0026){ref-type="ref"}, [27](#pros23742-bib-0027){ref-type="ref"}, [28](#pros23742-bib-0028){ref-type="ref"}, [29](#pros23742-bib-0029){ref-type="ref"}; however, to the best of our knowledge, this has not been investigated in prostate tumor progression. This study evaluated the prognostic value of M2 macrophages in a large PCa cohort with long‐term follow‐up. We also investigated the correlation and interaction of M2 macrophages and T~regs~.

2. MATERIALS AND METHODS {#pros23742-sec-0006}
========================

2.1. Tissue samples {#pros23742-sec-0007}
-------------------

This study was nested within a cohort of men with localized PCa diagnosed in the Örebro and South East Health Care Regions of Sweden between 1977 and 1999. Patients were identified through the population‐based PCa quality database within these regions, and 1367 patients who were diagnosed with incidental PCa through transurethral resection of the prostate (TUR‐P) or adenoma enucleation, that is, category T1a‐b tumors, were identified. All patients were followed expectantly (watchful waiting) according to the standard treatment protocols in use at that time. Record linkages to the Swedish Death Register and Migration Register were used to follow the study cohort for cancer‐specific and all‐cause mortality until 1 March 2006. The cohort was described in detail previously.[25](#pros23742-bib-0025){ref-type="ref"}, [30](#pros23742-bib-0030){ref-type="ref"}

Within this cohort, we utilized a nested study design that we described previously.[25](#pros23742-bib-0025){ref-type="ref"} The study included men who either died from or developed metastatic PCa during follow‐up (lethal PCa cases, *N* = 261) and men who survived at least 10 years following their diagnosis without disease progression (indolent PCa controls, *N* = 474). At the time of our study, there was sufficient high‐quality tissue available from 225 cases and 367 controls. The study was approved by the Ethical Review Boards in Örebro and Linköping, Sweden.

2.2. Immunohistochemistry {#pros23742-sec-0008}
-------------------------

Tissue microarrays (TMAs) were created previously for this cohort using tissue cores with a diameter of 0.6 mm from each TUR‐P specimen. The TMA blocks included three tissue cores from each patient in order to address potential tumor heterogeneity. TMA sections of 4 μm were used for immunohistochemistry (IHC). The TMA sections were dried at 60°C, deparaffinized, rehydrated, and HIER‐treated (Diva solution, Decloaker™ Biocare Medical, Concord, CA). To reduce nonspecific binding, TMA sections were treated for 20 min with normal goat serum in PBS with 0.4% Triton X‐100, followed by a wash in PBS with 0.2% Triton X‐100 and 0.2 % BSA. For CD163 IHC staining, we used the monoclonal mouse anti‐human‐CD163 antibody (clone 10D6, Novocastra, Leica Microsystems, Newcastle, United Kingdom) diluted 1:100 in PBS with 0.1% Triton X‐100. Samples were incubated at room temperature for 1 h and then incubated with DAPI diluted 1:1000 and the secondary antibody mix (anti‐rabbit IgG AleaH488 and anti‐mouse IgG Alexa H555 antibodies Invitrogen, Thermo Fisher Scientific, Waltham, MA) diluted 1:400 in PBS with 0.1% Triton X‐100. Staining was performed using the automated Ventana Benchmark Ultra staining machine (Ventana ES, Ventana Inc., Tucson, AZ) as described previously.[31](#pros23742-bib-0031){ref-type="ref"} The tissue was counterstained using hematoxylin and mounted using Vectashield mounting media (Vector Laboratories, CA). The Panoramic 250 Flash II system (3DHISTECH, Budapest, Hungary) was used to convert the glass slides into high‐resolution digital slides (3Dhistech). The number of CD163‐positive M2 macrophages per TMA core was assessed by one observer who was blinded to all clinical data. All CD163 positive macrophages in each TMA core were counted by use of the CaseViewer program (3Dhistech). An experienced pathologist was consulted during counting in case of uncertain assessments. Based on the median number of 25 M2 macrophages/core for all patients (cases and controls), they were categorized as having either high numbers (\>25 macrophages/core) or low numbers (≤25 macrophages/core).

2.3. Statistical analysis {#pros23742-sec-0009}
-------------------------

The mean number of macrophages in three tissue cores from each patient was used for statistical analyses. To evaluate the association between clinical covariates and lethal case status versus indolent control status, the Student\'s *t*‐test was used for continuous variables, and the chi‐square test or chi‐square test for trend were used for categorical variables. To evaluate associations between clinical covariates and the number of M2 macrophages, the Mann‐Whitney U‐test or the Kruskal‐Wallis test were used. T~reg~ data on the same cohort, published previously,[25](#pros23742-bib-0025){ref-type="ref"} were used to calculate the correlation and interaction of T~regs~ with M2 macrophages. Spearmańs rank‐order correlation was used to assess correlations between M2 macrophages and the tumor cell percentage of the tissue and the number of T~regs~. A likelihood ratio test was used to test for interactions between M2 macrophages and T~regs~. Logistic regression was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for lethal PCa according to M2 macrophage counts after adjusting for age at diagnosis, calendar year of diagnosis, Gleason score (GS) categories (5−6, 3 + 4, 4 + 3 and 8−10), T‐stage (T1a vs T1b), and the percentage of tumor in the tissue specimen. All data were analyzed using SPSS version 22 (IBM, Armonk, NY) and STATA release 14 (Stata Corp., College Station, TX).

3. RESULTS {#pros23742-sec-0010}
==========

3.1. Clinical characteristics and PCa outcome {#pros23742-sec-0011}
---------------------------------------------

The number of M2 macrophages were counted in prostate tissue samples from men who either died from or developed metastatic PCa during follow‐up (lethal PCa; cases) and men who survived at least 10 years following their diagnosis without disease progression (indolent PCa; controls). The clinical characteristics of the lethal cases (*N* = 225) and indolent controls (*N* = 367) are presented in Table [1](#pros23742-tbl-0001){ref-type="table"}.

###### 

Characteristics of the study population (*N* = 592)

                                  Indolent controls, *N* = 367 (*N* (%))   Lethal cases, *N* = 225 (*N* (%))   *P*‐value
  ------------------------------- ---------------------------------------- ----------------------------------- ---------------------------------------------------
  Age at diagnosis                                                                                             
  Mean ± SD                       72.0 ± 6.6                               74.8 ±  6.6                         \<0.001[^a^](#pros23742-note-0002){ref-type="fn"}
  Calendar year of diagnosis                                                                                   
  1977‐1982                       16 (4.4)                                 13 (5.8)                            0.002[^b^](#pros23742-note-0003){ref-type="fn"}
  1983‐1986                       18 (4.9)                                 4 (1.8)                             
  1987‐1991                       134 (36.5)                               113 (50.2)                          
  1992‐1998                       199 (54.2)                               95 (42.2)                           
  Tumor stage(1 missing)                                                                                       
  T1a                             178 (48.6)                               56 (24.9)                           \<0.001[^b^](#pros23742-note-0003){ref-type="fn"}
  T1b                             188 (51.4)                               169 (75.1)                          
  Gleason score (1 missing)                                                                                    
  ≤6                              223 (60.9)                               45 (20.0)                           \<0.001[^c^](#pros23742-note-0004){ref-type="fn"}
  3 + 4                           81 (22.2)                                36 (16.0)                           
  4 + 3                           44 (12.0)                                44 (19.6)                           
  8−10                            18 (4.9)                                 100 (44.4)                          
  Tumor percentage (55 missing)                                                                                
  ≤2                              151 (44.9)                               37 (18.4)                           \<0.001[^c^](#pros23742-note-0004){ref-type="fn"}
  \>2‐10                          90 (26.8)                                50 (24.9)                           
  \>10‐60                         78 (23.2)                                79 (39.3)                           
  \>60                            17 (5.1)                                 35 (17.4)                           

SD, standard deviation.

*t*‐test.

*χ* ^2^‐ test.

*χ* ^2^‐test of trend.

© 2018 Wiley Periodicals, Inc.

3.2. IHC analysis of the M2 macrophage marker CD163 {#pros23742-sec-0012}
---------------------------------------------------

The IHC analysis of the M2 macrophage marker CD163 showed that M2 macrophages localized mainly in the stroma close to the tumor epithelial cells. The median number of M2 macrophages in PCa tissue were 30 and 24 for cases and controls, respectively. Representative images of PCa tissue cores with low and high number of CD163 positive macrophages, Figure [1](#pros23742-fig-0001){ref-type="fig"}. Selection of CD163 positive macrophages (M2 macrophages) for quantification, Figure [2](#pros23742-fig-0002){ref-type="fig"}.

![Representative immunohistochemical images of PCa tissue cores stained to visualize the M2 macrophage marker CD163 (brown). A‐B; low number of macrophages. C‐D; high number of macrophages. Scale bars 100 μm](PROS-79-363-g001){#pros23742-fig-0001}

![Representative immunohistochemical images of PCa tissue cores demonstrating the selection of CD163 positive cells (M2 macrophages) during quantification. A; *N* = 3 macrophages. B; N = 8 macrophages. C; *N* = 30 macrophages. D; *N* = 60 macrophages. Scale bars 100 μm](PROS-79-363-g002){#pros23742-fig-0002}

3.3. CD163‐positive macrophages and clinicopathological features {#pros23742-sec-0013}
----------------------------------------------------------------

There was a significant correlation between the number of M2 macrophages and T~regs~ (*P *\< 0.001), even though no interaction between the two cell types was found (*P* = 0.290). There was significantly greater infiltration of M2 macrophages in lethal cases than in indolent controls (*P *\< 0.001). Our data also showed a strong association between the number of M2 macrophages and GS (*P* \< 0.001), with higher numbers of CD163‐positive macrophages in more aggressive tumors (GS 8‐10). We found no association between tumor stage and the number of M2 macrophages (Table [2](#pros23742-tbl-0002){ref-type="table"}).

###### 

Association between the number of M2 macrophages (continuous) and clinicopathological features (*N* = 592)

                                  CD163^+^ M2 macrophages Median *N* (IQR)   *ρ*\*   *P*‐value
  ------------------------------- ------------------------------------------ ------- ---------------------------------------------------
  Total population                25 (17‐40)                                         
  Cases vs controls                                                                  
  Indolent controls               24 (15‐35)                                         \<0.001[^a^](#pros23742-note-0006){ref-type="fn"}
  Lethal cases                    30 (20‐44)                                         
  Gleason score (1 missing)                                                          
  5−6                             23 (15‐38)                                         \<0.001[^b^](#pros23742-note-0007){ref-type="fn"}
  3 + 4                           25 (15‐31)                                         
  4 + 3                           25 (17‐39)                                         
  8−10                            36 (24‐51)                                         
  Tumor percentage (55 missing)                                              0.001   0.547[^c^](#pros23742-note-0008){ref-type="fn"}
  Tumor stage (1 missing)                                                            
  T1a                             25 (17‐38)                                         0.299[^a^](#pros23742-note-0006){ref-type="fn"}
  T1b                             25 (17‐40)                                         
  FOXP3+ T~reg~ 3 missing                                                    0.195   \<0.001[^c^](#pros23742-note-0008){ref-type="fn"}

IQR, interquartile range \*Spearmańs rank‐order correlation coefficient.

Mann‐Whitney *U*‐test.

Kruskal‐Wallis test.

Spearmańs rank‐order correlation.

© 2018 Wiley Periodicals, Inc.

3.4. M2 macrophages and the risk of lethal PCa {#pros23742-sec-0014}
----------------------------------------------

The odds of dying of PCa were estimated in patients categorized as having high numbers (\>25 macrophages/core) or low numbers (≤25 macrophages/core). In the unadjusted analyses, we observed that men with high numbers of M2 macrophages had a two‐fold increase in the odds of dying of PCa (OR: 2.05; 95%CI: 1.46‐2.88) compared to men with low numbers of M2 macrophages (Table [3](#pros23742-tbl-0003){ref-type="table"}). The odds of dying from the disease were significantly increased for men with a high number of M2 macrophages even after adjusting for age at diagnosis, calendar year of diagnosis, GS, tumor stage, and tumor percentage (OR: 1.93; 95%CI: 1.23‐3.03) (Table [3](#pros23742-tbl-0003){ref-type="table"}). When cases within GS categories 3 + 4 and 4 + 3 (*N* = 205) were analyzed it was demonstrated that men with \>25 macrophages/core had a 2.05 times increased odds of lethal disease (OR:2.06; 95%CI: 1.04‐4.08) (Table [4](#pros23742-tbl-0004){ref-type="table"}).

###### 

Odds ratios (ORs) with 95% confidence intervals (CIs) for lethal prostate cancer

  CD163+ M2 macrophages   Model 1 OR (95%CI)   Model 2 OR (95%CI)   Model 3 OR (95%CI)
  ----------------------- -------------------- -------------------- --------------------
  ≤25 cells               1.00 (ref)           1.00 (ref)           1.00 (ref)
  \>25 cells              2.05 (1.46‐2.88)     1.63 (1.08‐2.47)     1.93 (1.23‐3.03)

Model 1: Unadjusted.

Model 2: Adjusted for age at diagnosis, calendar year of diagnosis (1977‐1982, 1983‐1986, 1987‐1991, 1992‐1998), and Gleason score (5−6, 3 + 4,4 + 3, 8−10).

Model 3: Adjusted for model 2, tumor stage (T1a, T1b), and tumor percentage.

© 2018 Wiley Periodicals, Inc.

###### 

Odds ratios (ORs) with 95% confidence intervals (CIs) for lethal prostate cancer for GS 3 + 4 and GS 4 + 3 cases (*N* = 205)

  CD163+ M2 macrophages   Model 1 OR (95%CI)   Model 2 OR (95%CI)   Model 3 OR (95%CI)
  ----------------------- -------------------- -------------------- --------------------
  ≤25 cells               1.00 (ref)           1.00 (ref)           1.00 (ref)
  \>25 cells              1.45 (0.83‐2.55)     1.55 (0.85‐2.81)     2.06 (1.04‐4.08)

Model 1: Unadjusted.

Model 2: Adjusted for age at diagnosis, calendar year of diagnosis (1977‐1982, 1983‐1986, 1987‐1991, 1992‐1998).

Model 3: Adjusted for model 2, tumor stage (T1a, T1b), and tumor percentage.

© 2018 Wiley Periodicals, Inc.

4. DISCUSSION {#pros23742-sec-0015}
=============

TAMs have been linked to worse clinical outcomes in several types of solid tumors, including PCa. This is probably due to the infiltration of TAMs with an M2 phenotype, which can promote tumor growth by suppressing the anti‐tumor immune response.[4](#pros23742-bib-0004){ref-type="ref"}, [6](#pros23742-bib-0006){ref-type="ref"}, [20](#pros23742-bib-0020){ref-type="ref"} M2 macrophages may induce T~regs~ in the tumor microenvironment, and together these cells can form a special niche that promotes tumor progression.[32](#pros23742-bib-0032){ref-type="ref"}, [33](#pros23742-bib-0033){ref-type="ref"} Here we found nearly two‐fold increased odds of lethal PCa for men with high infiltration of CD163‐positive M2 macrophages versus low infiltration. In addition, we could demonstrate that a high number of CD163 positive macrophages in cases with uncertain outcome (GS categories 3 + 4 and 4 + 3) does predict a poorer prognosis.

We also found a significant correlation between the number of CD163‐positive M2 macrophages and T~regs~ (*P *\< 0.001).

TAMs in PCa are associated with poor prognosis, but this has mainly been investigated using the CD68 antigen,[7](#pros23742-bib-0007){ref-type="ref"}, [13](#pros23742-bib-0013){ref-type="ref"}, [14](#pros23742-bib-0014){ref-type="ref"}, [15](#pros23742-bib-0015){ref-type="ref"}, [16](#pros23742-bib-0016){ref-type="ref"}, [17](#pros23742-bib-0017){ref-type="ref"} which is expressed on both M1 and M2 macrophages.[4](#pros23742-bib-0004){ref-type="ref"}, [6](#pros23742-bib-0006){ref-type="ref"}, [18](#pros23742-bib-0018){ref-type="ref"} However, M2 macrophages can be distinguished from M1 macrophages using antibodies that recognize CD163. This is of great importance in studies that investigate the impact of macrophages in carcinogenesis, since M1 macrophages and M2 macrophages play opposing roles in the tumor environment.[4](#pros23742-bib-0004){ref-type="ref"}, [6](#pros23742-bib-0006){ref-type="ref"} In the present study, we examined the infiltration of CD163‐positive M2 macrophages in a large and clinically well‐defined PCa cohort, and our results demonstrated that men with high numbers of M2 macrophages had a nearly two‐fold increased odds of dying of PCa. This is in line with the results recently presented in a meta‐analysis showing that a higher density of CD68‐positive macrophages was associated with poorer overall survival.[5](#pros23742-bib-0005){ref-type="ref"}

To our knowledge, only two previous studies have investigated CD163‐positive macrophages in PCa tissue. The first study, by Lanciotti et al, investigated the roles of M1 and M2 macrophages in 93 radical prostatectomy samples. They found that high infiltration of M2 macrophages was associated with poor prognosis and extracapsular extension.[18](#pros23742-bib-0018){ref-type="ref"} The second study, which evaluated 234 TUR‐P specimens, demonstrated an association between high numbers of M2 macrophages and poor clinical outcomes.[19](#pros23742-bib-0019){ref-type="ref"}

M2 macrophages can induce T~regs~ in different cancer environments,[32](#pros23742-bib-0032){ref-type="ref"}, [33](#pros23742-bib-0033){ref-type="ref"} and increased numbers of T~regs~ and macrophages are suggested to correlate with reduced survival.[26](#pros23742-bib-0026){ref-type="ref"}, [27](#pros23742-bib-0027){ref-type="ref"}, [28](#pros23742-bib-0028){ref-type="ref"}, [29](#pros23742-bib-0029){ref-type="ref"} To our knowledge, the present study is the first to investigate both M2 macrophages and T~regs~ in PCa tissue, and our data indicate that this could also be the case in prostate tumors. We observed a positive correlation between the number of M2 macrophages and T~regs~ (*P *\< 0.001), supporting our hypothesis that M2 macrophages and T~regs~, together with other suppressor cells such as myeloid‐derived suppressor cells, promote an immunosuppressive environment in aggressive prostate tumors. This may be important for the clinical management of PCa patients, even though combining M2 macrophages and T~regs~ had no additional value in estimating prognosis compared to using each cell type separately.

One possible explanation for the correlation between M2 macrophages and T~regs~ found in the present study is that M2 macrophages can produce immunosuppressive cytokines and chemokines that are involved in recruiting lymphocytes and stimulating them to develop into T~regs~.[32](#pros23742-bib-0032){ref-type="ref"}, [33](#pros23742-bib-0033){ref-type="ref"} In addition, T~regs~ produce high levels of IL‐10, IL32, and TGFβ that further suppress the anti‐tumor inflammatory response and stimulate M2 macrophages to increase their production of cytokines and chemokines that enable additional recruitment of T~regs.~ [34](#pros23742-bib-0034){ref-type="ref"} Recently, using the same cohort as in the current study we found high iNOS expression in prostate tumor cells from men with aggressive PCa.[35](#pros23742-bib-0035){ref-type="ref"} One additional explanation for the high number of M2 macrophages and T~regs~ in tissue from patients with lethal PCa could be that a high level of iNOS consumes L‐arginine that could contribute to the activation and/or recruitment of myeloid‐derived suppressor cells, T~regs~, and macrophages.[36](#pros23742-bib-0036){ref-type="ref"}, [37](#pros23742-bib-0037){ref-type="ref"} Our data support the hypothesis that M2 macrophages and T~regs~ form a niche in the tumor environment that promotes tumor progression. Based on this, therapeutic strategies may benefit from targeting both M2 macrophages and T~regs~ for an efficient treatment of PCa patients.

Our results provide some insights into the role of M2 macrophages and T~regs~ in PCa development. One strength of the study is the long follow‐up of the patients, which allowed us to track a substantial number of PCa deaths. A weakness of our study is its use of TMAs, because samples from tumors may not always be representative or may not include the most relevant tumor foci. However, to mitigate this issue, we used three core tissue samples from each tumor.

5. CONCLUSIONS {#pros23742-sec-0016}
==============

Infiltration of M2 macrophages identifies PCa patients who are at risk of having lethal disease. Regarding the underlying mechanism, it is possible that M2 macrophages, along with other suppressor cells such as T~regs~, promote an immunosuppressive environment.
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